The lining of the maltodextrin-specific maltoporin (LamB) channel exhibits a string of aromatic residues, the greasy slide, part of which has been shown previously by crystallography to be involved in substrate binding. To probe the functional role of the greasy slide, alanine scanning mutagenesis has been performed on the six greasy slide residues and Y118 at the channel constriction. The mutants were characterized by an in vivo uptake assay and sugar-induced-current-noise analysis. Crystallographic analysis of the W74A mutant showed no perturbation of the structure. All mutants showed considerably decreased maltose uptake rates in vivo (<10% of the wild-type value), indicating the functional importance of the investigated residues. Substitutions at the channel center revealed appreciably increased (up to 100-fold) in vitro half-saturation concentrations for maltotriose and maltohexaose binding to the channel. Sugar association rates, however, were significantly affected also by the mutations at either end of the slide (W74A, W358A, and F227A), an effect which became most apparent upon nonsymmetrical sugar addition. The kinetic data are discussed on the basis of an asymmetric one-site two-barrier model, which suggests that, at low substrate concentrations, as are found under physiological conditions, only the heights of the extracellular and periplasmic barriers, which are reduced by the presence of the greasy slide, determine the efficiency of this facilitated diffusion channel.
Solute uptake into cells of gram-negative bacteria requires the crossing of two membranes, the outer and the inner membranes, which are separated by the periplasmic space (16) . The outer membrane can be considered a defense wall protecting the cell against harmful compounds such as toxins and bile salts. Since a complete seal would impede the import of essential nutrients into the cell, several pore-forming proteins (porins) are located in the outer membrane (19) . Transport of solutes through these water-filled channels most commonly proceeds by simple diffusion. For specific porins, diffusional transport is aided by the presence of a binding site.
Maltoporin (LamB) specifically facilitates the translocation of malto-oligosaccharides across the outer membrane barrier. Its crystal structure (20) is trimeric, with each monomer consisting of an 18-stranded ␤-barrel enclosing a channel. Long loops protrude into the extracellular space, and short turns face the periplasm. Three loops fold into the ␤-barrel, with loop L3 constricting the channel about halfway through. In the channel lining, there are six contiguous aromatic residues, which form an elongated apolar stripe, the greasy slide, extending from the vestibule through the channel constriction to the periplasmic outlet (Fig. 1 ). The first of these residues, W74, is provided by L2 of a neighboring subunit. The next three residues, Y41, Y6, and W420, are situated in the middle of the channel. They are followed by W358 and F227, which reside in the wide periplasmic exit hall. A comparable organization of aromatic amino acids has been found in the structures of maltoporin of Salmonella enterica serovar Typhimurium (14) and in sucrose-specific channel ScrY (10) . Y118 is located opposite to the greasy slide and is the main constituent of the channel constriction about halfway through the channel (Fig. 1) .
The structure of maltoporin in complex with maltodextrins (9, 14) shows that the binding site is located at the channel constriction, with the pyranosyl rings of the oligosaccharides engaged in van der Waals contacts with the greasy slide. In addition, the hydroxyl groups of the sugars are H-bonded to an array of predominantly charged protein side chains, dubbed the polar tracks. We have suggested (9, 20) that the end of the greasy slide, which is easily accessible from solvent, helps to thread the sugar into the pore and that subsequent translocation proceeds via one-dimensional diffusion, with the sugar staying in close contact with the slide.
Here, we test this hypothesis by investigating the effect of site-directed mutations of greasy slide residues on in vivo sugar uptake and on the kinetics of maltodextrin binding. Association and dissociation rates were derived from sugar-induced current-noise analysis (2, 15) . The role of the residues of the polar tracks has been investigated in a separate study (8) .
MATERIALS AND METHODS
Mutagenesis, expression, and purification. Site-directed mutagenesis was performed as described previously (17) . Briefly, site-directed mutations were introduced by using single-stranded pBLamB plasmid DNA containing an ampicillin resistance marker in addition to a defect in ori, the origin of replication, and the lamB gene cloned behind the phoE signal sequence under the control of a T7 promoter. Residues of the greasy slide were replaced by alanines, resulting in maltoporin mutants W74A, Y41A, Y6A, W420A, W333A, and F227A. The constricting residue Y118 was equally replaced by an alanine, resulting in mutant protein Y118A. All mutations were confirmed by sequence analysis (PerkinElmer ABI; Prism 310 genetic analyzer). DNA manipulations were as described by Sambrook et al. (18) .
The mutant maltoporins were expressed in Escherichia coli strain BL21(DE3) omp5 (lamB ompF ompC) (17) , grown in 600 ml of Luria-Bertani medium under selection by ampicillin. Expression was enhanced by addition of 100 M IPTG (isopropyl-␤-D-thiogalactopyranoside). Cells were harvested after overnight growth, and proteins were purified essentially as described previously (17) . Prior to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), proteins were incubated for 10 min at room temperature or 100°C in sample buffer; trimers and denatured monomers, respectively, were observed after these treatments (data not shown).
In vivo sugar transport assay. Plasmid transcription was kept at a low level by not including the inducer IPTG in the minimal medium (M9 medium, supplemented with ampicillin [100 g ml Ϫ1 ] and 0.2% maltose) and relying on "leaky" expression. The bacteria were harvested at late log phase, collected by centrifugation, extensively washed in M9 medium, and resuspended in M9 medium to an optical density at 600 nm of 0.2. Part of the culture was used to prepare cell envelope fractions as described previously (1); the rest was used for the in vivo transport assay. The isolated cell envelopes were analyzed by SDS-PAGE together with a series of increasing amounts of purified LamB of known concentration. After Coomassie blue staining, the protein bands were quantified with a computing densitometer (model 300A; Molecular Dynamics).
Maltose uptake was measured by adding 10 l of [ 14 C]maltose (ARC Chemical Inc.; specific activity, 600 mCi mmol Ϫ1 ) to 1.5 ml of the cell suspension and adjusting the sugar concentration to 1 M with nonradioactive maltose. At different time points after the addition of the sugar, 150 l of the suspension was filtered through a glass microfiber filter (Whatman GF/C) and cells were washed with 5 ml of M9 medium. The filters were dried for 10 min at 60°C and counted in a scintillation counter.
X-ray structure analysis. Crystallization of the maltoporin mutant W74A was carried out as described before (13) . Data from three crystals were collected at 4°C on an Image Plate detector by using an in-house rotating anode as an X-ray source. Processing with programs from the CCP4 suite (3) yielded a data set at 3.5-Å resolution with 83.5% completeness and an overall R sym of 15%; the space group was C222 1 (a ϭ 130.2 Å, b ϭ 212.3 Å, c ϭ 218.3 Å). Phases were calculated with difference Fourier methods using the wild-type model (20) . Refinement was carried out in XPLOR 3.1 (7) by imposing strict noncrystallographic symmetry constraints, resulting in a model with an R factor of 20.2% (R free , 22.9%) and good stereochemistry.
Fluorescence measurements. Fluorescence emission spectra were measured with a Jasco FP-777 spectrofluorometer. The excitation wavelength was set to 280 nm, and the fluorescence was recorded at 335 nm, with a slit width of 5 nm. Current-fluctuation analysis. Formation of black lipid bilayers and currentfluctuation analysis were performed as described previously (21) . Briefly, maltoporin was reconstituted into black lipid membranes and a potential was applied by a BLM-120 amplifier (Bio-Logic, Claix, France). The ionic current was measured at increasing sugar concentrations. Sugar occupying the binding site leads to a block of the ion current. Release of the sugar molecule restores ion flux through the channels. The frequency of closing events is sugar concentration dependent and is related to the k on rate of sugar binding, while the time the channel is in the closed state reflects the k off rate. The power spectrum of the time course of the ion current was fitted with a Lorentzian, yielding k on and k off rates (11, 15) . In symmetric-sugar conditions (sugar added to both compartments), these rate constants reflect access from and release to both sides of the channel. For the determination of individual rates, maltoporin molecules were inserted unidirectionally (80 to 90%) as described previously (21) . This was verified by the addition of phages (21) , which were removed by EDTA treatment before the actual titration of sugar from the cis and trans sides; the titration was performed to yield the rates over the periplasmic and extracellular entrance barriers, respectively.
RESULTS
Mutagenesis, expression, and structural analysis of maltoporin W74A. The six aromatic residues of the greasy slide and residue Y118 ( Fig. 1 ) of maltoporin from E. coli were changed by site-directed mutagenesis one by one to alanine. All proteins were expressed well (results not shown) and were purified. The crystal structure of W74A was determined to 3.5-Å resolution (see Materials and Methods). The difference electron density clearly indicated the absence of the aromatic side chain of the mutated residue, with no other significant changes elsewhere (data not shown). In particular, the conformation of Y41, the adjacent residue on the greasy slide, was found unaltered. Crystallization of other mutant proteins was unsuccessful. The limited success is probably due to the problems with crystallization reproducibility, as it was also observed with the wild-type protein.
In vivo transport of maltose. The influence of the residue replacements on maltose uptake into living cells was determined by using a radiolabeled substrate. Plasmid-encoded maltoporin was expressed at low levels (leaky expression), whereas expression of the other components of the mal regulon on the chromosome was fully induced by maltose as the only carbon source. In this way sugar concentrations in the periplasmic space were kept low so that the outer membrane channels were FIG. 1. Side view of the maltoporin channel with maltohexaose (Glc 6 ) bound (9) . Only the residues of the greasy slide and residue Y118 at the channel constriction are shown. W74 is part of the extracellular vestibule, whereas W358 and F227 line the periplasmic exit hall. The model was created by graphic program DINO (http://www .dino3d.org).
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the rate-limiting factor. All mutants showed a decreased maltose uptake rate (6 to 60% of the wild-type rate), revealing the physiological significance of the greasy slide residues and of Y118 in sugar transport (Fig. 2) . Kinetics and thermodynamics of maltodextrin binding. The affinity of maltohexaose (Glc 6 ) for the maltoporin variants was analyzed by monitoring, at various sugar concentrations, the change in protein fluorescence when maltohexaose binds to solubilized proteins. Since aromatic residues constitute a major part of the sugar binding site, a change in the fluorescence signal of aromatic residues was expected and was indeed found (about 10% at saturation). Values of dissociation constant K d f derived from the titration experiments are given in Table 1 . Replacement of the central residues of the greasy slide (Y41, Y6, and W420) and of Y118 interferes with binding to the greatest degree (increase in K d f by more than 100-fold). The kinetics of maltodextrin binding to maltoporin can be determined by the method of sugar-induced-noise analysis (2, 15) . Channels were inserted into a black lipid bilayer immersed in an ionic solution, and an external potential was applied. Since sugar binding blocks ion passage, association and dissociation events are reflected in the time course of the ionic current. Consequently, analysis of the time course at different sugar concentrations can yield the effective kinetic parameters of sugar binding and unbinding, k on and k off , respectively.
For the first series of measurements, Glc 3 and Glc 6 were added to both sides of the bilayer, and the resulting kinetic data are given in Table 1 . These values permit calculation of values of dissociation constant K d (ϭ k off /k on ) for binding of the respective sugars ( Table 1 ). The corresponding changes in free energy, given by ⌬G°ϭ ϪRTln (1/K d ), where T is the temperature, upon binding to the wild-type channel are Ϫ19 and Ϫ24 kJ mol Ϫ1 for Glc 3 and Glc 6 , respectively. In Fig. 3a , the ⌬G°values for Glc 6 binding to the maltoporin variants derived from the kinetic data are compared with the corresponding values deduced from the fluorescence measure-
It is conspicuous that the ⌬G°f values for almost all variants are less negative than ⌬G°. This can be attributed to the presence of detergent (1% octyl-POE) in the preparations used for the fluorescence measurements. We observed that the detergent lowers the affinity of the sugar for the binding site in a dose-dependent manner (data not shown). In the bilayer experiments, only trace amounts of detergent were present. Apart from this systematic shift, the dissociation constants determined by the two methods agree satisfactorily, supporting the validity of the kinetic measurements. Figure 3b shows values for ⌬⌬G°(ϭ ⌬G°[ mutant] Ϫ ⌬G°[ wild type] ), i.e., the change in binding affinity upon the respective mutations. These are discussed below.
It is apparent from Table 1 that, with respect to that for the wild type, the k on rates for the oligosaccharides are reduced in all mutants. The effect is strongest for the mutants that have central residues of the greasy slide replaced (Y41A, Y6A, and W420A) or the opposing residue in the channel truncated (Y118A). This is not surprising, since these residues comprise part of the high-affinity binding site, as has been shown by crystallography (9) . But the remaining substitutions at both ends of greasy slide also show significant effects. In the W74 truncation mutant, the Glc 3 rate is clearly more affected than the Glc 6 rate. It has to be realized that when the sugar is present symmetrically on both sides of the membrane, the measured k on is the sum of the rate constants from both sides of the channel so that the effect of the mutation is actually underestimated. The k off rates are, in general, slightly increased for the mutants with changes at the channel center and significantly reduced forW358A and F227A.
Measuring individual rates requires unidirectional orientation of the channels, which was achieved by application of an external potential during insertion into the bilayer as described before (21) . With this approach, 80 to 90% of the channels were oriented with their extracellular sides toward the trans compartment, as determined using phages that are known to bind to this side of the protein and to block sugar access (21). After removal of the phages, sugar was added to the cis or trans compartment yielding individual "on" rate k 2 or k 1 , respectively. These experiments were performed on wild-type maltoporin and on mutants W358A and F227A with results shown in Table 1 . Switching from symmetric to asymmetric conditions changed the "off" rates only marginally (data not shown). On the other hand, k 1 and k 2 differ by factors of between 2 and 8 for a given variant (Table 1) . Within the limits of error, the sum of the individual rates matches the apparent "on" rate, giving credence to the reliability of the measurements.
DISCUSSION
Maltoporin is the prototype of a guided-diffusion channel. The structure exhibits a binding site in the middle of the channel formed by the central part of the greasy slide and several charged side chains (9, 20) . In this study, alanine scanning mutagenesis was employed to study the role of the greasy slide and constriction residue Y118.
The considerable effect of the mutations on sugar import in vivo (Fig. 2) demonstrates the physiological importance of the greasy slide, also suggested by its conservation in distantly related proteins such as sucrose porin ScrY (10). For mutant protein W74A, structural integrity was verified directly by analysis of its crystal structure. For the other mutants, gross structural perturbations of the channel structure can also be ruled out, since, at high concentration, sugar translocation was found almost unaffected in liposome-swelling assays (data not shown). Local structural changes cannot be excluded rigorously, in particular the substitution of those tyrosine residues at the channel center that have their hydroxyl groups bonded to other side chains of the channel lining. It is reassuring, though, that only small changes in the crystal structure of an R100D/ Y118D/D121F maltoporin triple mutant were revealed (22) .
Considering the minimal structural changes observed in W74A, it is safe to assume that only the entrance barrier is affected by the mutation. In W358A and F227A, at the other end of the slide, the mutated residues are at maximum distance from the extracellular entrance and most probably only the exit barrier will be affected. Therefore, the considerably reduced in vivo uptake rate through these mutant channels gives direct evidence that both ends of the slide, though not part of the high-affinity binding site (see below), facilitate diffusion of maltose and are of comparable importance (Fig. 2) .
The change in free energy (⌬G°) for the transfer of Glc 3 and Glc 6 from solvent to the mutant channels was measured with the variants incorporated in artificial bilayers, thus mimicking the natural environment and avoiding any artifacts due to the presence of detergent in solubilized preparations. The effects of the mutations on the binding affinity, ⌬⌬G°, are virtually the same for Glc 3 and Glc 6 (Fig. 3b) . This indicates that, in the wild-type protein, the mutated residues contribute to the binding of the two oligosaccharides in similar ways. In other words, we do not observe a more extended binding site for Glc 6 . This is in agreement with the crystal structures of the respective complexes (9) , which show that the more extended sugar is curled away from the periphery of the greasy slide. Mutant W420A, however, behaves differently in that ⌬⌬G°of the Glc 3 complex is less reduced than that of the Glc 6 complex. Truncation of W420 may cause the two saccharides to bind in different modes. It is conceivable that, for example, the short sugar can adopt a favorable binding position on the greasy slide adjacent to the mutated residue. Glc 6 , on the other hand, would have to span the mutated site or bind also to the periphery; in both cases its binding capacity would not fully be satisfied. It is noteworthy that for the maltoporin Y118F mutation also a significant sugar length dependence of the binding affinity (normalized to the wild-type values) has been observed (4). This may reflect a similar situation.
While ⌬⌬G°is small for the W74 truncation mutant (as described previously for the more drastic W74R mutation [4] ) and is virtually zero for the mutations at the periplasmic end of the slide (W358 and F227), a considerable difference for the other mutants is observed. The large decrease in binding affinity upon truncation of Y41, Y6, and W420 emphasizes their role in the interaction with the pyranose rings (Fig. 1) . Intriguingly, truncation of Y118, which faces the center of the greasy slide across the channel constriction, exhibits a similar effect. Since this residue contributes to the shape complementary of the channel with respect to maltodextrins, it is probably important for proper alignment of the sugar with the binding site. The inverse effect (stabilization of the complex) was reported for the Y118F maltoporin mutant (12) , probably due to the increased hydrophobicity of the channel constriction and con- The main goal of the current-induced-noise analysis was to get a more detailed insight into the kinetics of sugar binding and into the role of the residues at the two ends of the slide that appear not to be part of the sugar binding site. A simple one-side, two-barrier kinetic model has been proposed previously (5, 12) to describe the maltodextrin-maltoporin complex formation (S extrac , sugar at the extracellular side; P, protein [i.e., the maltoporin channel]; S perip , sugar at the periplasmic side) k1 k2
In the proposed symmetric model the heights of the two access barriers and, hence, the individual "on" and "off" rates were assumed to be equal. For the interpretation of our results, we have to abandon this simplification, since some of the mutations are expected, by design, to affect only one or the other of the barriers. Furthermore, it has been shown recently that even for wild-type maltoporin the two "on" rates differ (21) (see below). In an asymmetric model and with substrate present only on the extracellular side, the flux through the channel is given by
and by
if concentrations are saturating (generalization of the formalism in reference 12). Maltoporin catalyzes the flux of maltodextrin across the outer membrane at low external substrate concentrations (for a detailed discussion see reference 6), the situation modeled by equation 1. Under this condition, three rate constants seemingly determine the flux. However, since k Ϫ2 /k Ϫ1 is independent of the depth of the energy well, it turns out that the flux is exclusively determined by the heights of the two barriers. The presence of a binding site, though, is probably important to compensate for the loss of sugar hydration and may in fact lower the barrier heights. From the apparent "on" rates, the height of the effective activation energy for sugar binding, ⌬G # (ϭ ϪRTln k on ϩ RTln k o ), with k o being the substrate-tochannel collision rate, can be calculated. This can be compared to the wild-type activation energy, yielding ⌬⌬G # ϭ ⌬G # mutant Ϫ ⌬G # wild type , the change in activation barrier height caused by the mutation displayed in Fig. 3c . First, note that the profiles for Glc 3 and Glc 6 superimpose rather well, which indicates that the investigated residues play similar roles in the association process. An exception may be W74, which appears to be more important for the "on" process of Glc 3 than for that of Glc 6 .
Because the sugar was added to both sides of the membrane, the observed "on" rates reflect movement of the substrate through both entryways and the effect of a mutation at one of the entrances is underestimated. Probing the two entryways individually (Table 1) reveals that k 1 is smaller than k 2 by a factor of 2 to 3 in the wild type. This is in good agreement with previous titration experiments (21) . An unchanged "on" rate over the extracellular barrier would be expected following replacement of W358 and F227 at the periplasmic end of the slide; instead a significant decrease in the k 1 values (about 50%) was found. The reason for this is unclear, since it can be ascribed only partly to the fraction of oppositely oriented channels. The k 2 values are, however, in general much more affected (Table 1) , and the corresponding ⌬⌬G # 2 values are displayed in Fig. 3c . The data suggest that the mutations have a more pronounced effect on the height of the activation barrier for the longer Glc 6 . In this context it is noteworthy that the homologous sucrose-specific ScrY porin lacks an aromatic equivalent of F227. Clearly, probing the barriers individually is the method of choice and should be applied to the other mutants.
To conclude, we have shown that in the framework of a simple kinetic model the efficiency of the maltoporin channel is determined, at a physiological sugar concentration, by the heights of the two activation barriers. Site-directed mutagenesis and functional analysis revealed that these barriers are lowered by the greasy slide that extends at either side into the two channel vestibules. There, the slide helps to align the sugar with the channel axis and facilitates, in concert with the polar tracks (8), the sugar hydration/dehydration process.
